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Considering quantum gravity within the framework of effective field theory, we investigated the 
consequences of spontaneous Lorentz violation for the gravitational potential. In particular, we 



Qh focus our attention on the bumblebee models, in which the graviton couples to a vector B^ that 

r"" 1 ! assumes a nonzero vacuum expectation value. The leading order corrections for the nonrelativistic 

t— I potential are obtained from calculation of the scattering matrix of two scalar particles interacting 

> 

gravitationally. These corrections imply a modification on the magnitude of the interaction and 

also add a Darwin-like term for Newton's potential. 
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I. INTRODUCTION 

A longstanding problem in theoretical physics is the conciliation between the Standard 
Model (SM) describing the behaviour of elementary particles and General Relativity (GR), 
which accounts the large scale physics dominated by gravity. With such a conciliation, 
both theories, which are extremely well tested, should appear as low-energy descriptions of 
a single and fundamental (and yet unknown) theory of quantum gravity. This framework 
opens the possibility for the discovery of new phenomena, not described by any of these 
effective theories. Unfortunately, since quantum gravity effects are relevant at energy scales 
of the order of the Planck mass mp ~ 1.22 x 10 19 GeV, no experimental evidence for 
signature of a more fundamental physics was obtained up to the current date. 

Despite of the fact that Planck scale dynamics remains impossible to be accessed exper- 
imentally, a great deal of works have been performed by exploring the point of view that 
quantum gravity phenomena can be observed by amplification of its effects at attainable 
energies. One of the most interesting possibilities is the violation of Lorentz symmetry pQ . 
In fact, the existence of different mechanisms that bring out Lorentz- violating (LV) effects 
is supported in several theoretical contexts, such as loop quantum gravity [2], string theory 
[3] , noncommutative field theories [I] , and more recently in warped brane worlds [5j |6] and 
Horava-Lifshitz gravity [7J. 

The first framework to account LV in the SM was proposed by Colladay and Kostelecky 
[S], based on the idea of spontaneous Lorentz symmetry breaking in the context of string 
theory [9], known as the Standard Model Extension (SME). The SME provides a set of 
gauge- invariant LV tensor operators, compatible with the coordinate invariance [10], and 
suitable to address the CPT and Lorentz violation in physical systems. A number of inter- 
esting investigations have been developed in the different sectors of the SME. The CPT-even 
gauge sector was first examined by Kostelecky and Mewes [llj . with the attainment of upper 
bound of 1 part in 10 37 (using birefrigence data). This sector was also addressed in connec- 
tion with its classical solutions [12] , consistency aspects [13] and fermion/photon interactions 
[TH 115] . More recently, new works have proposed LV scenarios endowed with higher dimen- 
sional operators, with new interesting results [16j [17] . Higher dimensional operators can be 
considered in terms of nonminimal interactions as well. A CPT-odd nonminimal coupling for 
fermions was first regarded in Ref. [IS] , with some recent developments [19J. Very recently, 



an analogue CPT-even nonminimal coupling for fermions, embracing the Kp gauge tensor 
of the SME, was proposed and discussed both in relativistic and nonrelativistic scenarios 



Another relevant SME sector much addressed in the latest years is the gravitational one. 
The SME accommodates both explicit symmetry breaking as well as spontaneous breaking. 
However, when one focus in its gravitational sector, one notices that the explicit viola- 
tion is incompatible with geometrical identities like the Bianchi identity, reason by which 
one should work with spontaneous breakings to address LV within the gravitational sector 
[2T| . A general treatment of spontaneous local Lorentz and diffeomorphism violation for the 
gravitational sector of the SME was first addressed in Refs. [221 123] . In these papers, it 
is supposed that tensor fields acquire nonzero vacuum expectation values (VEV), breaking 
these symmetries spontaneously. It was then shown that the corresponding linearized effec- 
tive equations can be used to study the post-Newtonian effects in a series of gravitational 
systems [2"U - [2"o] . It is worth mentioning that a discussion for alternative ways to introduce 
Lorentz violation in gravity was considered in [27]. 

In this work we investigate low-energy effects of Lorentz violation in the context of the 
gravitational sector of SME. More precisely, we use a particular choice in which the sponta- 
neous Lorentz violation comes from the dynamics of a single vector field B^, the so called 
bumblebee model [211 122], to calculate quantum corrections for the gravitational poten- 
tial. In the weak-field approximation of this model, we show that the introduction of an 
uncharged scalar field, coupled with the gravitational field, leads to corrections to the clas- 
sical Newtonian potential, including a Darwin term. The theoretical modifications here 
obtained are used to set up stringent bounds on the magnitude of the breaking param- 
eter. Along all this work we shall use the spacetime signature (+ — ——) and adopt 
the following definition for the Ricci tensor: R^ u = dgT^ — d^T^ + T^T^ — T^r^ A , 
where T* = ^g Xa (d^g ua + d u g IMa — d a g^ v ) . All quantities are expressed in natural units 
(h — c — eo — 1), in which the gravitational constant is Gat = 6.707 x lCT 57 eV~ 2 . Moreover, 
tensors are symmetrized with unit weight, i.e., A^ v ) = ^(A^ + A vp ). 

The structure of the paper is as follows. Sec. [TT]is devoted to discuss the theoretical model, 
introducing the general action including a LV term, and then restricting to spontaneous 



LV. In Sec. Ill, we perform the weak-field approximation and calculate the LV-corrected 



propagator. In Sec. IV, we introduce the coupling with a matter field and obtain the 



nonrelativistic potential for two bosons interacting gravitationally, via a scattering process. 
In Sec. |V]we present some constraints and limits to our results. Finally, we present our final 
remarks in Sec. IVII 

II. THE THEORETICAL MODEL 

The simplest gravity model involving Lorentz-violating terms that combine tensor fields, 
responsible for the spontaneous local Lorentz breaking, with the gravitational field in (3 + 1)- 
dimensional Riemann spacetime, is given by the action 

S = S ER + S LV + -^matter- (!) 

The first piece in the above equation represents the usual Einstein-Hilbert action, defined 

by 

2 



S FjB = / d'x^g-AR -2A), (2) 



K 



where g denotes the determinant of the metric field g^, R is the Ricci scalar, A is the 
cosmological constant and k 2 = 327tGat is the gravitational coupling. Since our main goal is 
to examine the effects of the Lorentz-violating on the nonrelativistic gravitational potential, 
we can disregard the implications of A, assuming it equal to zero hereafter. 

The second piece in Eq. ([I]) represents the gravitational sector for the minimal SME and 
contains the coefficients for Lorentz violation, coupled to the Riemann, Ricci, and scalar 
curvatures, in the following form (see, f.e., [23J): 

5 LV = / d ' x ^9^2 ( uR + s * VR w + ^ a/?i W) , (3) 

where u, s^ v and t^ va ^ are dynamical tensor fields with zero mass dimension and the same 
symmetries of their geometric tensors associated. This action is assumed to be invariant 
under general coordinate transformations and the local Lorentz violation must be achieved 
through a Higgs-like mechanism. 

The last term on the right side of Eq. (pi) takes into account the matter-gravity cou- 
plings, which in principle should include all fields of the standard model as well as possible 
interactions with coefficients u, s^ v and t^ ual3 . However, we will focus our attention on the 
possible effects produced by the action (|3]), restricting ourselves to the case where the ordi- 
nary matter only interacts with the gravitational field. Further details about these effects 



S B = d A x^g 



-B^B^ + aBWR^ - V(B^ T b 2 



(4) 



in the context of Lorentz-violation involving the matter sector of the SME can be seen in 
Ref. |2E]. 

Next, let us consider the particular case when t ,J ' ua ^ = 0. The coefficients u and s^ u 
have 10 degrees of freedom (the trace of s^ u could be absorbed in the scalar coefficient u) 
that may be described by an effective field theory involving a single vector field By, whose 
dynamics is determined by the following action 

1 
4 

where By V = dyB u — d u By , a is a dimensionless coupling constant and b 2 is a positive 
constant that sets the VEV for By. The potential V(x) triggers the spontaneous breakdown 
of both Lorentz and diffeomorphism symmetries, such that its minimum occurs at g^ v ByB v ± 
b 2 = 0, i.e., when By and gy V acquire nonzero vacuum expectation values. This theory is a 
particular case of the so-called bumblebee models and were initially evaluated in the context 
of string theory [9] . Furthermore, we note that for a = the action for the bumblebee field 
becomes U(l) gauge invariant and the potential V also spontaneously breaks this symmetry. 
The correspondence between the action pi) and the bumblebee model Q is obtained 
through the relations [23] : 

u = ^B a B a , 

sT = iB»B» - ^g^B a B a , 
t^ a ? = 0, (5) 

where for convenience we write a = (2£//t 2 ), so that the mass dimension of the bumblebee 
field and the coupling constant are, respectively: [B^] = 1, [£] = —2. 

III. WEAK-FIELD APPROXIMATION AND THE GRAVITON PROPAGATOR 

To investigate the effects of gravity-bumblebee coupling on the graviton dynamics, we 
split the dynamical fields into the vacuum expectation values and the quantum fluctuations: 

g^,u V^v ~r K'"fJ,Vj 

B^ = by + By, 

B» = b^ + B^- Kb v hT, (6) 



where h^ v and B^ represent small perturbations around the Minkowski background and a 
constant vacuum value 6 M , respectively. The vector b^ is the local Lorentz violation coefficient 
associated to the bumblebee field. 

Varying the action Q with respect to B^, we obtain the equation of motion for the 
bumblebee field: 

d fl { v ^B^}-2V'B,+ 2aB"R fil/ = 0, (7) 



V~9 

where the prime on V means differentiation with respect to the argument. 

Following the ideas described in Ref [23], we may employ the expansions defined in Eq. 
(pi), and assume for V(x) the smooth quadratic form 

V=±(B»B, T b 2 ) 2 , (8) 

so that the linearized version of the equation of motion (JTl) can be written as 

(Dt^ - d„d v - 4A&A) & = -2\nKb a b^ - 2ab a R au , (9) 

with D = d 2 . In this expression, R^ u shall be understood as being in its linearized form. 
Also, for simplicity b^ is adopted as a timelike vector, such that & M 6 M = +b 2 . Applying the 
Green's function method, the solution to Eq. (J9J) is straightforward, leading in momentum 
space to the the following expression 

~ _ Kp^b a b p h a P 2ab a R a » 2ap»bJ)pR a P op^R a¥ L R ap»b 2 R 
2b ■ p p 2 p 2 b ■ p 4A6 • p p 2 p 2 b ■ p 

with b ■ p = b^, p 2 = p ■ p = p^ '. 

By substituting this solution into the action (pi), with the help of the relations defined by 
Eqs. d5J) and (J6J) in a suitable order, we are able to determine the modifications yielded by the 
nonzero vacuum expectation value b^ on the kinetic terms of the graviton field. Therefore, 
it is necessary to expand the bumblebee-graviton interaction Cjjy up to second order in h^, 
as it follows below: 



^LV = ay/ II 9B' l B v R ia , 

= a 



b^b u R^(h 2 ) + 2b tJL B v R^{h) + ^Kh^KR^ih) 



+ 0(k i ), (11) 

where the order in h^ at the Ricci tensors is explicitly indicated. Replacing B^ and grouping 



the terms conveniently, we obtain 

1 



£ L v = e 



Awx+o(^rw 



I (b ■ pf bTh^ + p\b u h^ a h\ - {b,b uPan + b {llPv) b {am ) h^h a ? 



+ 



2 
4£ 2 



K z 



-2p\b u - 2b% Pl/ + 46 • pb {lxVv) - ^A h^h a a 



+ ( 2b ll b vPa pp - b ip p u) b iaPl3) + ^ + -^ I /l" h P 



+ ( 6V - (b ■ pf + g ) (^) 2 + ( pV„ - 2& • P & (^) + ^'^/"^ 1 ^^ 



+ C(/i 3 



(12) 



with a = (2£//t 2 ), as previously defined. The above expression can be rewritten to position 
space and combined with the expanded Einstein-Hilbert Lagrangian 



£ EH = dh^djil - dphTdJi + \d^h - l -d a h^d a h^ + 0(h 3 ), 
with h = h x x . We add one convenient gauge fixing term, 

C gi =-(d»h^-\d»h)\ 



(13) 



(14) 



to yield the effective Lagrangian, which we need to consider in order to obtain the modified 
graviton propagator. Then, in the £jt;h + £„f + ^LV ' ^ ne kinetic term for the graviton field 



becomes 



kin o ^Ii,v,af3 lb j 



where the operator O^^p is separated in two pieces 



^fiU,a/3 ^"iiU,a/3 ~l~ y^iu,al3y 



(15) 



(16) 



such that /C M j, iQ/ 3 is the usual quadratic form, 

while V M „ iQj g encloses the terms that contain the Lorentz-violating Lagrangian Cjjy- 
The graviton propagator is defined by 



(17) 



(0 \T [h^(x)h a/3 (y)]\ 0) = D^ a/3 (x - y), 



(18) 



where D^^p is the operator that satisfies the Green 's equation, given as 



O^D x<T ' a ^(x -y) = il^' a(3 5\x - y), 



(19) 



with X^ u ' al3 = | ^rj fJ,a r] ul3 + rf^rf a ^ . Thus, the exact graviton propagator is evaluated by 



inverting (16), finding a closed operator algebra composed by a set of appropriated projec- 



tors. However, in order to avoid problems concerning the non-physical modes induced by 
the higher derivative terms, we take advantage of the fact that b^ is small. We therefore use 



the conventional graviton propagator in the gauge given by Eq. ( 14 ) and treat the Lorentz 



violating term in Eq. (16) as a perturbative insertion [29] . This is accomplished by means 



of the following matricial identity: 



1 



1 



-B- 



1 



V 



1 b\b- l 



(20) 



A + B A A A + B A A A A A A + B 

The operator K, can easily be inverted and the conventional graviton propagator is then 
written in the momentum space as 






(?) 



A y,y,a.^,v[5 _i_ „^„ra „/^„a/3 



(21) 



2 q 2 + ie 

After lengthy contraction operations of indices, we are ready to give the explicit form of 
£)tiv,ap _ jj^ u ' a P _|_ D^"" U p to second order in b^, which reads as below: 






ii 



ap n fiu 



h 2 I 9 H 9 



+ 



a p fiu 



+ 



+ 



(b-qf{g^g^-g^g^-g^g^) 

2g 4 
b ■ q (b f3 q a g^ + b a q^g^ + b u q^g a/3 + b tM q u g a(3 ) 

b a b tM g f3v _l_ bPyigow + jfVgfo + b^b v g aiX - 2b a b f3 g^ u - 4b% v g 

2q~ 2 
^b v q a q + bPb u q a q» + WVqPqi* + b^b^q a q u + b a b^q l 

2q* 



a/3 



(22) 



£ 2 K 2 



lj2 i wtf-wfsr + so^\ + rt- 



+ 



g 4 g 6 y 2A 

2(b-qf (qtqVgP" + qPq»g a » + tftfgPi* + q Pq»g a v + 2q»q v g afi - 2g°g V) 



+ b- q 



10 (bPq a g flu + b a qPg^ u - b u q^g a ? - b^q u g a ^) 8 (&V<f <f + 6 a gV<f ) 



g 4 g 6 



+ 



4 (b»q a g> 3u - WqPgT - b v q a g^ - b"q^g atM ) 1 g a gV 3q^q"g af} 
g 1 J g 2 A + g 2 A 

2 (b a WgP v + &^V# ai/ + &«& V + fc'V^ - 2b a b^g fiu + 2b fi b u g a0 ) 



q 2 



2g a qfc, 



2 (8b^b v q a qP - b f3 b u q a q' M - b a b u q p q^ - b /3 b fl q a q u - b a b^q^q u ) + *'"'/•'/"''' 
+ 9 1 



(?3) 



where (D^y*) and (-Dyy* ) are contributions to Dyy proportional to £ and £ 2 , re- 
spectively. 

Some comments about these results are worthwhile. Taking into account the expression 
(pH), the products b 2 , (b ■ q) 2 and (b ■ q)b^ are first order terms in the Lorentz-violating 
coefficients u and s^ . Thus, we note that the correction (Dry J involves only terms 
to first order in u and s^, and do not depend on the particular form of the potential 
V(x). However, in second order in £ , there are terms that are not associated with the 
vector bfj, (they are proportional to A -1 ) and depend only on the coupling of this potential. 
In addition, the corrections to graviton propagator have poles in g 2 = 0, showed that in 
this approximation the theory is free of ghosts and tachyons. Finally, it is still important 
to mention that this propagator is symmetric under an indices permutation (fi -h- v) and 
(a •f-)- /3), as it really must be. We should draw attention for other evaluations concerning 
the graviton propagator [30] . 



IV. MODIFIED NEWTON'S LAW OF GRAVITATION 

In this section, we study the effects of the spontaneous Lorentz violation when we consider 
the tree-level modified propagator as determined previously. One of the simplest examples 
that we can choose to evaluate such effects, consists in the gravitational interaction of two 
distinguishable heavy particles described in the nonrelativistic limit by the Newtonian po- 




Figure 1: The tree- level diagram of two scalar particles interacting via the exchange of a graviton. 

tential. Thus, our main goal here is to determine the scattering amplitude of two massive 
bosons particles of spin- zero by one-graviton exchange. Once calculated the matrix ampli- 
tude in leading-order, we can take the nonrelativistic limit and compare it with the Born 
approximation to determine the potential modified by the nonzero vacuum expectation value 



V 



Consider the following action for a real scalar field in curved spacetime, 

'1 ,.„„ .„ 1 



'-'matter 



a Xy/—g 



2 .2 



2 g^d^d^--m^ 



(24) 



which can be expanded in the weak field approximation up to first order in h. We are then 
left with the following Lagrangian: 



^matter « ifiv.Wb ~ ^(j) 2 



-Kh^ 



d^(j)d u (j) - -rj/jH, (d a (j)d a (j) - m 2 ^ 2 ) 



(25) 



Now, let us consider the scattering process involving two scalar particles of mass Tfi\ and 
m 2 ■ The only Feynman diagram that contributes to this process, in lowest order, is drawn 
in Fig. [TJ and its analytical expression can be written as 



iM = (- i K) 2 V^(p l ,-k 1 ,m 1 )D llu ^(q)V^(p 2 ,-k 2 ,m 2 ) 



(26) 



where q = p 2 — k 2 = — (pi — k\) is the momentum transfer and the vertex V^ u {p ) k 1 m) 
corresponds to the expression 

V^ip, k,m) = -- [p^k v + p v k» -r ] > lu (p-k + m 2 )] . (27) 



Substituting the expressions defined in (18) and (27) into the scattering amplitude (26) 
we arrive at the sum of the two pieces: 



iM = iM + iM^y, 
10 



(28) 



such that the first term is just the conventional amplitude given by [31J 

iMo = -—J [4{fei -pi (ml -k 2 -p 2 ) +h -p 2 k 2 -Pi + h ■k 2 p 1 ■ p 2 ) 

-2ml{A(m 2 2 -k 2 -p 2 )+2k 2 -p 2 }], (29) 

which is modified by 7.M j_y , consisting of a large expression involving the possible contrac- 
tions of 5 M with the external momenta. 

To access the nonrelativistic limit, we take the approximation pi j2 = (7711,2,0), k\, 2 = 
(777,1,2, 0), and q = (0,q), which leads to the following result: 

iK 2 mlml i£b 2 K 2 mlml 8i^ 2 blmlml i^mfm 2 
~2~f <f + <f + 2A 



, . il% II 7.1 II In LCU 1% llli 1 1 In OOC UrsllL-lllbo LC 111 I In , . 

^NR = ""dP - —* ' 2 + I 1 2 + "^f^. ( 3 °) 



where the last three terms involve the correction matrix arising from the spontaneous Lorentz 
breaking, so that b^ 1 = (b°, b) is the constant background. 

To make the connection to the Newtonian gravitational potential, we follow Ref. [32] . 
and define the potential Fourier transformed in the nonrelativistic limit by 

(f|zT|i) = (27r) 4 6 4 (p-k)iM(pi, P 2^k 1 ,k 2 ) 

w -(2<K)5(E p -E k )iV(q), (31) 

so that the potential in coordinate space corresponds to 

V(x) = — — I '^^(gl (32) 

v ; 2mi 2m 2 J (2tt) 3 w y ' 



Finally, after inverting the equation (30), we obtain the desired result 



Gjymi7772 t 2£b 2 G N m 1 m 2 ^ 2 b 2 m 1 m 2 t^mim^ {3) 
V[X) ~ \x\ + W\ 2tt|x| ~~ 8^ [X) - [ } 

As one can see, the first term above is the standard Newton' s potential. The next two 
terms only scale the magnitude of interaction. However, the last term provides a nontrivial 
contribution, involving a Dirac delta function. This correction looks like a Darwin's term, 
which also appears in the electron-photon scattering in QED and it is interpreted as quantum 
fluctuations from the motion of the electron due to its position uncertainty. Moreover, a 
similar result was obtained in the context of the Horava-Lifshitz gravity in Ref. [33] . 



Next, we will show that the result in Eq. (33) is suitable to give constraints on the 



magnitude scale of the coefficients for Lorentz violation. 

11 



V. EXPERIMENTAL CONSTRAINTS: SOLAR GRAVITATIONAL DEFLEC- 
TION 

As mentioned earlier, one of the effects of the non-vanishing VEV b^ is a rescaling of the 
gravitational constant Gn by G = Gjv(1 — 2£6 2 + ^" ). However, experiments sensitive to 
Lorentz violation in the matter and gauge sectors of the SME indicate that the coefficients 
for Lorentz violation are very small [31]. This feature is also expected in the gravitational 
sector of the SME, where we can use the standard experimental tests of GR to achieve 
stringent bounds on Lorentz violation [32]. In this context, the deflection of light by the 
Sun is a convenient experiment to apply our result. 

The deflection angle by which an light ray is deflected by the Sun is given by (see Ref. 
[36] for more details.) 

A H 1%M2, (34) 

a 

where M = 1.99 x 10 30 kg « 1.11 x 10 66 eV is the mass of the Sun and d is the impact 
parameter which can be effectively considered as the Sun's radius R Q = 6.96 x 10 8 m rj 
3.53 x 10 15 (eV) -1 (Note that c = 1 in our units). Using GR, for a light beam passing near 
the Sun, A w 1.75 arcsec w 8.49 x 10~ 6 rad. Considering that the experimental results 
based on interferometric observations of the deflection of radio waves by the Sun are able to 



detect effects of 1 part in 10 3 approximately [37], the corrections to Eq. (34) resulting from 
(33) may not be larger than 10~ 9 rad. 



For our initial evaluation, we consider the correction of first order in £, a quantity which 
is associated with the spatial component of 6 M . This correction is A^ = S^GnMq/Rq, 
whose numerical value is ~ 1.68 x 10~ 5 |£fc 2 |. Taking into account that the deflection angle 
will be undetectable if it is less than 10~ 9 , we obtain the following bound for the parameter 
product: |£6 2 | < 5.95 x 1(T 5 . 

In the case of the term that involves the timelike component of b^, we arrived at the 
following result for the gravitational deflection correction: A^2 = 2(£6 ) 2 M & / (it R q ) , whose 
numerical value is ~ 2.00 x 10 50 (£& ) 2 (eV) 2 , leading to the upper bound |£6 | < 2.23 x 
10~ 30 (eV) -1 . The order of magnitude of this bound is much more restrictive than the one 
obtained previously, involving the component b. However, this difference is expected, since 
the product of the parameters £b 2 is a dimensionless quantity, its bound depends only on 
the accuracy in the experimental measurements considered. 

12 



VI. CONCLUSIONS 

In this work, we presented the modifications produced by the spontaneous breaking of 
Lorentz symmetry over the Newtonian gravitational potential by means of the direct calcu- 
lation of the scattering amplitude between two massive scalar particles interacting gravita- 
tionally. 

Firstly, we have introduced an action to the simplest gravity model involving tensor fields, 
responsible for the spontaneous local Lorentz breaking, coupled with the gravitational field. 
To construct the gravitational sector for the minimal SME we take a particular case of the 
so-called bumblebee model. After that, we separate the dynamical fields into the vacuum 
expectation values and the quantum fluctuations to analize the effects of gravity-bumblebee 
coupling on the graviton dynamics. Inserting the solution of the equation of motion for the 
bumblebee field in the LV action, we have determined the modifications the kinetic terms 
of the graviton field. Dealing these modifications in the form of a perturbative insertion, we 
have obtained a corrected propagator for which ghosts and tachyons are not present. 

As a result, we observed at first order in LV coupling £, a modification in the coefficients 
which can be absorbed in the Newton's constant Gat and hence provide experimental bounds 
to the LV parameter, based on the accurate measures of the deflection of light by the Sun. In 
second order in £, we verify the appearance of a Darwin-like correction term, independent 
of the VEV 5 M of the bumblebee field, reflecting the effect of the spontaneous symmetry 
breaking potential V{B^B^ =p b 2 ). This result corroborates the fact that at short distances, 
where the gravitational field is intense, the local Lorentz symmetry might be violated. 
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